Abstract SAPO-34 catalyst with plate-like morphology was designed and synthesized for the first time, by the dry gel conversion method using cheap triethylamine as a structure-directing agent assisted with seed suspension containing nanosheet-like SAPO-34 seed. The latter played an important role in formation of SAPO-34 (CHA-type) with plate-like morphology. In addition, the yield of the product in the synthesis system containing seed suspension reached 97%, 15% higher than that obtained in the corresponding synthesis system without the seed suspension. Meanwhile, the plate-like SAPO-34 catalysts synthesized by this method exhibited higher selectivity to light olefins and longer lifetime in methanol-to-olefins (MTO) reaction than the traditional cubic SAPO-34 catalyst. This work provides a new technical route for green and efficient synthesis of SAPO-34 catalysts with improved MTO performance.
Introduction
Ethylene and propylene are the most widely used basic organic chemical materials, and they play an important role in the petrochemical industry. At present, light olefins are mainly produced by cracking light hydrocarbon (naphtha and light diesel oil). However, with the shortage of oil resources, developing alternative routes for ethylene and propylene production has attracted intense attraction, in which the conversion of natural gas or coal to light olefins via methanol is the most promising route (Chen et al. 2005) . The conversion process of coal or natural gas to light olefins via methanol is an effective way to solve such problems such as the limited oil resource and increasing olefins demands (Qi et al. 2005) , such as UOP/Hydro's methanol-to-olefins (USA) (Chen et al. 2005) , syngas via dimethylether to olefins of Dalian Institute of Chemical Physics (China) (Tian et al. 2015 ) and Lurgi's methanol to propylene (Rothaemel and Holtmann 2002) .
Silicoaluminophosphate (SAPO) molecular sieves have been widely studied because of their many technological applications. Among the SAPOs, SAPO-34 with a chabazite-related structure has exhibited excellent catalytic performance in the methanol-to-olefin (MTO) conversion due to its relatively small pore diameter (Pastore et al. 2005) , medium acid strength and high hydrothermal stability (Marchi and Froment 1991; Wei et al. 2012; Wilson and Barger 1999) . However, SAPO-34 is easily deactivated by coke, which can heavily block the internal channels of the SAPO-34 crystals and decrease both activity and selectivity, resulting in a short catalyst lifetime (Qi et al. 2007 ; Lee et al. 2007) . During the MTO process, coke formation is related to many factors, such as Si/Al ratio (Xu et al. 2008) , acidity (Ye et al. 2011) , crystal morphology, as well as crystal size (Chen et al. 1999; Á lvaro-Muñoz et al. 2012) , in which the catalyst acidity and size are two important factors. Studies on the crystal size and morphology have shown that SAPO-34 catalysts with small crystal size or with nanosheet-like morphology generally exhibit better catalytic activity, selectivity and longer lifetime due to enhancing the accessibility of methanol into its cages and promoting the diffusion of the products. However, work on synthesis of SAPO-34 with nanosheet-like or plate-like morphology is very limited. Recently, Sun et al. (2014) prepared nanosheet-like SAPO-34 and SAPO-18 molecular sieves with different silicon contents under hydrothermal conditions by using tetraethylammonium hydroxide (TEAOH) as the template, and the catalysts showed high catalytic activity in the MTO reaction. However, the employed hydrothermal synthesis method has the following problems: (1) producing large amounts of waste and harmful gas; (2) using expensive TEAOH; and (3) difficulties in solid-liquid separation (Roth et al. 2014; Choi et al. 2009 ). In order to overcome these problems, a new alternative synthesis method, i.e., zeolites-dry gel conversion (DGC), used in the synthesis of SAPO molecular sieves has recently shown good potential. This method involves treating pre-dried gel powder at elevated temperatures and pressures to form crystalline molecular sieves (Xu et al. 1990; Rao et al. 1998) . Compared with the traditional hydrothermal method, DGC does not produce mother liquor (Yang et al. 2012) , can avoid complicated separation processes (Yang et al. 2010 ) and can give high product yield (Matsukata et al. 1999; Cundy and Cox 2003) . In addition, DGC uses a lower amount of organic template and the organic template is easy to recycle and reuse. Therefore, DGC is more environmentally friendly and economical. Many kinds of aluminophosphates (AlPO) and silicoaluminophosphates (SAPOs) have been synthesized by dry gel conversion (Askari et al. 2014) . For example, Hirota et al. (2010) synthesized SAPO-34 with an average crystal size of 75 nm by DGC, using TEAOH as the structure-directing agent. However, to our best knowledge, nanosized crystalline catalysts often suffer from some problems, such as low product yield, low hydrothermal stability and crystalline defects due to the intergrowth of crystals. Hence, a novel synthesis strategy is desirable for design and synthesis of highly hydrothermalstable and plate-like SAPO-34 molecular sieve with a high yield by DGC. In addition, SAPO-34 molecular sieves with low silicon content generally have longer lifetime in the MTO reaction due to their low acid strength (Dahl et al. 1999; Izadbakhsh et al. 2009a, b) . But reports on synthesis of SAPO-34 molecular sieves with low silicon content by DGC are scarce.
In this work, we developed a seed suspension-assisted method (containing nanosheet-like SAPO-34 seed) for preparation of SAPO-34 molecular sieves with plate-like morphology by DGC (Fig. 1 ) using cheap triethylamine (TEA) as the structure-directing agent (SDA). The results showed that this novel strategy could synthesize highly hydrothermal-stable and plate-like SAPO-34 molecular sieve product with a low silicon content, and the product yield was up to 97%. Compared with the traditional cubic SAPO-34 molecular sieve, the plate-like SAPO-34 catalysts synthesized by this method exhibited high selectivity to light olefins (ethylene ? propylene) and long lifetime in methanol-to-olefins (MTO) reaction. The selectivity to light olefins increased from 81% to 87%, and the catalyst lifetime was more than doubled.
Experimental

Synthesis of SAPO-34
The SAPO-34 seed suspension was prepared by hydrothermal crystallization from a gel with a molar composition of 1 Al 2 O 3 : 0.9 P 2 O 5 : 0.3 SiO 2 : 1.6 TEAOH: 60 H 2 O. The gel was put into a stainless steel autoclave lined with Teflon, and then it was heated at 150°C for 6 h. The obtained slurry mixture was the seed suspension (denoted as SS), and the seed (denoted as SD) of SAPO-34 molecular sieve can be obtained by separating and drying the solid product in the crystal seed suspension.
The SAPO-34 catalysts were synthesized by DGC ( Fig. 1) temperature. Then, SS was added to the mixture and stirred. Finally, phosphoric acid (85 wt% H 3 PO 4 ) was added dropwise to the mixture under stirring. The synthesis mixture was stirred and then dried at 110°C to obtain a dry gel. The dry gel with different amounts of SS was placed in an autoclave, and crystallization was performed at 170°C for 48 h.
The solid product was washed only once by centrifuging with distilled water and then dried at 100°C over night. The as-synthesized products were calcined at 550°C for 5 h to remove the template. The synthesis conditions of different samples are given in Table 1 .
Characterization
The powder X-ray diffraction (XRD) patterns of as-synthesized samples were obtained on a Rigaku D/max-3C X-ray diffractometer (Rigaku Co., Japan) with Cu Ka radiation at 36 kV and 40 mA. The patterns were recorded from 5°to 35°with a step size of 0.02°. N 2 adsorptiondesorption was performed at -196°C using a Quantachrome AUTOSORB-1C instrument (Quantachrome Co., USA). Before the measurement, the samples were vacuum degassed at 300°C for at least 10 h. The specific surface area (S BET ) and the micropore volume were calculated according to Brunauer-Emmett-Teller (BET) equation and t-plot method, respectively. Scanning electron microscope (SEM) images were recorded on a HITACHI S-570 scanning electron microscope. Each sample had been placed onto a carbon membrane, and an Au sputter coating was applied to reduce charging effects. The temperature-programmed desorption of ammonia (NH 3 -TPD) was performed on a Micromeritics ASAP 2020C instrument. The sample (0.1 g) was pretreated at 450°C for 2 h in an Ar flow of 20 mL min -1 . After cooling to 100°C, the sample was saturated with 10 vol% NH 3 /Ar, and then the sample was purged with Ar for 1 h to eliminate physically absorbed NH 3 . Desorption of NH 3 was carried out from 100 to 600°C at a heating rate of 5°C min -1 . 29 Si MAS NMR spectra were recorded in 7 mm ZrO 2 rotors at 79.5 MHz on a Varian Infinity-plus 400 WB spectrometer, fitted with a BBO (broadband observe) probe. The spinning rate of the samples at the magic angle was 4 kHz. The internal standard for chemical shifts was 2,2-dimethyl-2-silapentane-5-sulfonate sodium salt (DSS).
Catalytic performance
Catalytic activity measurements were carried out in a quartz tubular fixed-bed reactor. First, the catalysts were pressed, crushed and sieved to obtain particle sizes between 250 and 500 lm. Second, 1.0 g of the shaped catalyst was placed into a quartz tube (inner diameter 10 mm) between two quartz-wool plugs. Prior to reaction, the catalyst was activated at 550°C in air (30 mL min -1 ) for 2 h. Aqueous methanol solution (95 wt%) was fed into the reactor under atmospheric pressure. The volume hourly space velocity (volume of methanol aqueous solution flowing through a unit volume of catalyst in a unit time) was 3 h -1
, and the reaction temperature was 450°C. The analysis of the reaction products was performed using an on-line gas chromatograph Agilent GC (6890 N), equipped with a flame ionization detector (FID) and Plot-Q column. The conversion and selectivity were calculated on CH 2 basis, and dimethyl ether (DME) was considered to be a reactant for the calculation.
3 Results and discussion 3.1 Crystalline structure and morphological features of SAPO-34 seed Figure 2a shows the XRD patterns of the as-synthesized SAPO-34 seed (SD) contained in the seed suspension (SS). From Fig. 2a , it can be seen that the representative diffraction peaks at 9.5°, 13.0°, 16.2°, 20.7°, 26.0°and 31.0°were observed in the XRD pattern of the SD, corresponding to pure SAPO-34 with a CHA-structure (Rao and Matsukata 1996) . Furthermore, the peaks of the SD are wider than the other as-synthesized samples, indicating that the crystallite size of SD is smaller (Li et al. 2014 ). This can be further confirmed by the SEM images. As shown in Fig. 2b , the SD has nanosheet-like morphology with an average particle below 200 nm, indicating that the precursor gel at low temperature and short crystallization time can transform to nanosheet-like crystals. This is in agreement with the results reported in the literature (Lei et al. 2013) . Figure 3 shows the XRD patterns of the SAPO-34 samples prepared by dry gel conversion with different amounts of SAPO-34 SS. It can be seen that all the synthesized samples showed the typical diffraction patterns of CHAstructure SAPO-34 without the presence of other impurity phases (Lee et al. 2007 ). However, the SS added into the initial gel influenced the relative intensity of the different diffraction peaks. For S-2, S-3 and S-4 samples, their peak intensities at 2h = 20.7°were much higher than that of S-1, while their peak intensities at 2h = 13.0°were much lower than that of S-1. These phenomena indicated that the SS had great influence on the growth of different crystal faces. In addition, as can be seen from Table 1 , the SS can significantly improve product yield and promote conversion of more amorphous materials into SAPO-34 molecular sieve. The yield of the sample S-3 was 97%, 15% higher than that of the sample S-1. Figure 4 shows the SEM images of the different samples. The S-1 sample had a larger cubic crystal structure of about 4 lm, whereas the other synthesized samples exhibited a more plate (or sheet)-like morphology. The reason maybe that seed solution not only provided more crystal nucleus (crystal growth site) but also hindered the growth rate of crystals in one dimension in the dry gel conversion system. Furthermore, with the increase in the amount of SS in the dry gel, the framework of SAPO-34 particles transformed to a plate-like structure with a decrease in thickness, suggesting that the particles mainly grew on the periphery of the nanosheet-like structure of the SD. The thickness of particle S-2 was about 1 lm, while the thickness of particle S-3 was about 500 nm. But when the amount of SS was further increased to 30%, the particles of the obtained S-4 sample became smaller and thinner. Moreover, their plate-like morphologies became very regular. This can be attributed to the addition of the SS to the dry gel. The added SS provided a large number of nucleation sites and the formed silicoaluminophosphate species aggregated into a plate structure.
Based on the XRD and SEM results, we can propose a scheme that qualitatively describes the formation of platelike SAPO-34 with the assist of seed suspension under the DGC conditions (Fig. 5) . The seed suspension contained a large number of very thin SAPO-34 molecular sieve particles. At the same time, there were a large number of SAPO-34 molecular sieve secondary structure units in the seed suspension (Sun et al. 2016 ). In the dry gel conversion system, the microcrystalline structure guided the surrounding silicon aluminum phosphate species to continue to grow in situ along its edges and eventually form a plate (or sheet-like) SAPO-34 molecular sieve. In addition, Zhang et al. (2011) studied of the crystallization process of the synthesis of SAPO-34 in the dry gel conversion system and found that in the early stage of the crystallization, the gel samples generated a semi-crystalline layered phase. So, they speculate that the layered phase is rich in the double six ring structure, which is very important for the synthesis of SAPO-34 molecular sieve by the dry gel conversion method. The NH 3 -TPD plots of the four catalyst samples are shown in Fig. 6 . Four samples gave peaks at approximately 210 and 380°C, which correspond to the weak and strong acid sites, respectively. The desorption peak at low temperature was attributed to the hydroxyl groups (-OH) bounded to the defect sites, i.e., POH, SiOH and AlOH (Campelo et al. 2000; Dumitriu et al. 1997) . As shown in Fig. 6 , the four samples had similar acid strength and weak acid amounts, whereas their strong acid amounts slightly decreased with the increase in the added SS.
The nitrogen adsorption-desorption isotherms of four catalyst samples are presented in Fig. 7 with corresponding textural data listed in Table 2 . All of the samples had similar micropore volumes in the range of 0.23-0.27 cm 3 g -1 , and the samples synthesized using seed suspension exhibited higher BET surface areas.
In the MTO reaction, the catalyst is always used in a harsh high temperature hydrothermal environment. Therefore, it is very necessary to study the hydrothermal stability of different types of catalysts. In this study, four catalyst samples with different morphologies were treated by high temperature hydrothermal aging, and the specific surface area (S BET ) was used to reflect their hydrothermal stability. As shown in Fig. 8 , the specific surface area (S BET ) of the sample S-4 with nanosheet-like structure decreased from 608 to 360 m 2 /g after 80 h of hydrothermal aging. In contrast, the specific surface areas of cubic or plate-like SAPO-34 molecular sieve samples decreased slightly after the same treatment. These results demonstrated that cubic (S-1) or plate-like SAPO-34 samples (S-2 and S-3) had better hydrothermal stability than the nanosheet-like S-4.
As shown in Fig. 9 , SAPO-34 samples synthesized at different conditions showed different methanol conversions and lifetimes. It can be seen that methanol was completely converted over all the catalysts with ethylene and propylene as the main products. Herein, catalyst lifetime is defined as the time when the methanol conversion reaches 98%, and the highest selectivity to light olefins (ethylene and propylene) in the catalyst lifetime is used to represent the catalytic activity according to the literature (Zhu et al. 2010) . Figure 9 and Table 3 show that under the same reaction conditions, the lifetime of sample S-1 was about 80 min with 81% selectivity to ethylene and propylene, whereas the lifetime of S-3 sample with the thinner layers and the largest surface area could reach 180 min with 87% selectivity to ethylene and propylene. The significant improvement of catalyst lifetime and activity attributed to the morphology of the SAPO-34 samples. In MTO reaction, the successive polymerization, which would result in coke formation, may be partly avoided over plate-like SAPO-34 catalysts due to their short diffusion length. The fast deactivation of the S-1 catalyst (conventional large cubic morphology) can be attributed to the coke formation that occurs near the external surface of the catalyst particles, gradually blocking the diffusion path of oxygenates to the inner core of catalysts. However, for S-4 catalyst with the thinnest sheet, its deactivation can partially attribute to its poor hydrothermal stability, which could cause its crystal structure destruction under the MTO reaction conditions. 
Physicochemical properties of SAPO-34 with low silicon content
Apart from the morphology of SAPO-34 catalyst, the SiO 2 / Al 2 O 3 ratio of it is also an important factor for the catalytic lifetime (Sastre et al. 1997; Izadbakhsh et al. 2009a, b; Tan et al. 2002) . In order to further improve the catalytic performance of SAPO-34 catalyst in MTO reaction, a series of plate-like SAPO-34 molecular sieve with low SiO 2 /Al 2 O 3 ratio were synthesized by DGC (Table 4) . Samples S-5, S-6 and S-7 were synthesized by DGC with the same compositions as S-3 except for silicon content. The XRD patterns (Fig. 10 ) of S-5 and S-6 were in agreement with that simulated from the CHA framework type (pure SAPO-34), whereas a small amount of the framework type of AEI was observed in the XRD patterns of S-7 and S-8 (Simmen et al. 1991) , indicating that addition of seed suspension (SS) is beneficial to the synthesis of SAPO-34 with low Si contents by DGC.
The SEM images (Fig. 11) showed that S-5, S-6 and S-7 samples exhibited uniform plate-like morphology with the thickness of each plate in the range of 400-500 nm, whereas S-8 synthesized in the absence of the SS showed conventional cube-like morphology with a particle size of about 4 lm.
As shown in Fig. 12 , all of the samples showed two major resonances at around -91 and -95 ppm, which were assigned to Si (4Al) and Si (3Al), respectively. The peaks at around -100, -105 and -109 ppm correspond to the signal of Si (2Al), Si (1Al) and Si (0Al), respectively (Shen et al. 2012) . Based on the integrated areas of the resonance at -95 ppm, the concentration of Si (4Al) species in the three samples had the following order: S-6 [ S-5 [ S-3. It seems that under the DGC conditions, the Si species existing in the samples were incorporated into the frameworks via both SM2 (one Si substitution for one P, which forms Si (4Al) species) and SM3 [double Si substitution for pairs of Al and P, which forms Si (nAl) (n = 0-3) species] substitution mechanisms (Tian et al. 2013) . Decreasing the Si content in the dry gel can efficiently promote the formation of the Si (4Al) unit. The Si MAS NMR spectra of prepared SAPO-34 samples textual properties of the SAPO-34 samples determined with N 2 adsorption-desorption measurement are shown in Fig. 13 and summarized in Table 5 . All the isotherms displayed the characteristic type I isotherms, confirming the microporosity of the samples. The BET surface area of S-5 and S-6 was 610 and 636 m 2 /g, respectively.
3.5 Catalytic performance of plate-like SAPO-34 with low silicon contents
As shown in Fig. 14, all the catalysts exhibited a long catalyst lifetime and high selectivity to ethylene and propylene because the plate-like crystals can greatly enhance the mass transfer of reactant and generated products during MTO process. Significantly, the S-6 sample synthesized with SiO 2 /Al 2 O 3 of 0.1 and the highest Si (4Al) content (reducing the acidity of SAPO-34 catalysts) can retain more coke species than the others without fast deactivation (Izadbakhsh et al. 2009a, b) . At the same time, for the S-6 sample, the selectivity to ethylene and propylene increased slightly faster than others, indicating that its acidity is more suitable for MTO reaction than others.
Conclusion
This work provides a new technical route of green and efficient synthetic strategies to create SAPO-34 molecular sieve with plate-like morphology. SAPO-34 was synthesized by the dry gel conversion method using cheap triethylamine (TEA) as structure-directing agent with the assistance of seed suspension containing nanosheet-like SAPO-34 seed. In addition, the yield of the product in the synthesis system containing seed suspension reached 97%, 15% higher than that obtained in the corresponding synthesis system without the seed suspension. Compared with the traditional cubic SAPO-34 molecular sieve, the selectivity for olefins (ethylene ? propylene) for the plate-like SAPO-34 reached 87%, and the catalyst lifetime was more than doubled.
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